HD (Huntington's disease) is produced by the expression of mutant forms of the protein htt (huntingtin) containing a pathologically expanded poly-glutamine repeat. For unknown reasons, in HD patients and HD mouse models, neurons from the striatum and cerebral cortex degenerate and lead to motor dysfunction and dementia. Synaptic transmission in those neurons becomes progressively altered during the course of the disease. However, the relationship between synaptic dysfunction and neurodegeneration in HD is not yet clear. Are there early specific functional synaptic changes preceding symptoms and neurodegeneration? What is the role of those changes in neuronal damage? Recent experiments in a Drosophila model of HD have showed that abnormally increased neurotransmitter release might be a leading cause of neurodegeneration. In the present review, we summarize recently described synaptic alterations in HD animal models and discuss potential underlying molecular mechanisms.
Introduction
HD (Huntington's disease) is an autosomal-dominant neurodegenerative disease that appears in adulthood. Clinically characterized by movement and cognitive deficits, HD leads to death after 15-20 years after disease onset. The primary molecular cause of HD is the expression of a mutant version of the protein htt (huntingtin) with an abnormally high number (more than 39 residues) of polyQ (polyglutamine) repeats in its N-terminal region [1] . Crucial advances in the physiopathology of HD come from the study of different multiple mouse models that express htt expanded forms and present significant differences in the intensity and progression of symptoms [2] . R6/1 and R6/2 transgenic mice are widely studied models that express a human genomic region containing the promoter and the first exon of htt with pathological polyQ expansions [3] . The higher number of polyQ-repeats in R6/2 mice translates into a more severe and earlier motor phenotype and lethality than R6/1 mice with fewer polyQ-repeats [2, 3] . Interestingly, reversibility studies have been performed in the HD94 conditional transgenic mice expressing a similar version of exon 1 mutant htt [2, 4, 5] . Other mouse models are based either on transgenic expression of full-length htt genomic sequences such as the YAC128 (yeast artificial chromosome 128), the Tg100 and BACHD lines as well as several knockin models [2] .
In addition, HD models have been successfully developed in Drosophila and Caenorhabditis elegans [6] [7] [8] . Although htt is ubiquitously expressed in neuronal and non-neuronal cells, the most vulnerable neurons in HD are the striatal MSNs (medium spiny neurons) and the cortical pyramidal neurons. Mutant-htt becomes toxic probably through multiple molecular mechanisms: transcriptional deregulation [9] , dysfunction of the UPS (ubiquitin-proteasome system) [10] , endocytosis [11] and axonal transport deficits [12] [13] [14] , dysfunction of intracellular Ca 2+ -stores [15] [16] [17] , and synaptic dysfunction [18, 19] . In this review, we will discuss synaptic alterations in neurotransmitter release recently described in different HD mouse and Drosophila models.
Increased synaptic release in a Drosophila

HD model
A recent study by Botas's laboratory reports enhanced neurotransmitter release leading to neurodegeneration in synapses expressing mutant htt in a novel HD model in Drosophila [20] . This is the first Drosophila HD model expressing human full-length htt with a 128 polyQ expansion (128Qhtt FL ). In this model, the expression of 128Qhtt FL controlled by the UAS-GAL4 promoter allowed httexpression in specific neuronal subpopulations. The authors demonstrated progressive degeneration in photoreceptors and motor neurons specifically expressing 128Qhtt FL . Consistently, adult fruitflies expressing 128Qhtt FL in motor neurons showed impaired motor performance and reduced survival rates. Interestingly, since 128Qhtt FL accumulated in the cytoplasm and never in the nucleus, the authors considered that potential transcriptional alterations were not involved in the phenotype. They focused the analysis on synaptic transmission and cytosolic Ca 2+ homoeostasis.
The frequency and amplitude of spontaneous mEJPs [miniature EJPs (excitatory junction potentials)] at the NMJ (neuromuscular junction) of larvae expressing 128Qhtt FL in motor neurons were normal. This observation indicated that the loading of neurotransmitters into synaptic vesicles and the properties of postsynaptic receptors were normal in the mutants. Furthermore, it also suggested that the number of release sites was not decreased and therefore no degeneration was going on at that larval developmental stage. In contrast, EJPs evoked by nerve stimulation were significantly increased in the 128Qhtt FL mutant larvae compared with controls (∼35% increase at 0.6 mM and ∼200% increase at 0.25 mM external [Ca 2+ ]). In addition, the percentage of release failures upon nerve stimulation was dramatically reduced in the mutant larvae compared with controls, as expected for synapses with higher release probability. Changes in synaptic proteins involved in neurotransmitter release could help us to understand the molecular basis of the phenotype; however, no major differences in the levels or distribution of synaptic proteins could be detected in the 128Qhtt FL mutants. Strikingly, neurodegeneration and the increased neurotransmitter release became genetically rescued by crossing 128Qhtt FL fruitflies with heterozygous strains expressing lower levels of essential proteins for synaptic vesicle fusion: Rop, Snap and Syx, the respective Drosophila homologues for vertebrate Munc18, α-Snap and Syntaxin1A. Interestingly, these results support the notion that excessive exocytosis might cause neurodegeneration by activity-overloading of nerve terminals.
In addition, Romero et al. [20] [16, 22] . In support of this idea, Bezprozvanny's group demonstrated a connection between abnormal Ca 2+ signalling and apoptosis of striatal MSNs cultured from a YAC128 HD mouse model [22] . Association between expanded-htt and InsP3R1 is mediated by a cytosolic C-terminal tail of InsP3R1 (a 122-amino-acid-long IC10 fragment). Interestingly, intracellular delivery of the IC10 peptide stabilized Ca 2+ -signalling and prevented apoptosis of YAC128 MSN in culture and in vivo, and significantly alleviated motor deficits in YAC128 mice [15] . In addition, increased postsynaptic calcium influx through NMDA (N-methyl-D-aspartate) [19] and P2X7 [23] receptors contribute to a pathogenic Ca 2+ increase in HD. Then, it is possible that the presynaptic Ca 2+ increase reported by Romero et al. [20] FL mutant has a dual and additive effect on the exocytotic machinery and on the modulation of Ca 2+ -release from intracellular stores and/or the regulation of Ca 2+ influx through voltage-dependent channels. Expanded-htt has been proposed to increase Ca 2+ currents mediated through N-type Ca 2+ channels by blocking CSPα (cysteine string protein α) inhibition of N-type Ca 2+ channels [24] . This is an interesting hypothesis; however, in vivo interactions between CSPα and N-type Ca 2+ channels remain elusive [25] . On the other hand, sequestration of CSPα by htt could contribute to presynaptic degeneration, as it occurs in knockout mice lacking CSPα [25] . In addition, sequestration of syntaxin by expanded-htt has also been implicated in N-type channelmediated enhancement of Ca 2+ -currents in transfected HEK-293 cells (human embryonic kidney cells) [21] . In any case, the study by Romero et al. [20] indicates that increased neurotransmitter release precedes neurodegeneration that is prevented by genetic manipulations that reduce exocytosis. These are very interesting observations, but the underlying molecular mechanisms remain unknown. In addition, it would be important to clarify whether the increase in neurotransmitter release linked to expanded-htt is indeed a general mechanism and therefore also present in vertebrates.
Synaptic alterations in central circuits
Cummings et al. [26] have recently reported that functional excitatory input to somatosensory cortical pyramidal neurons is enhanced, whereas inhibitory input is reduced in R6/2 mice at symptomatic age (80 days old mice). Those changes are opposite to changes previously observed by the same group in the striatum: MSNs present reductions in excitatory inputs [27] and increases in inhibitory inputs [28] . As Cummings et al. [26] propose, the differences between pyramidal neurons and MSNs might be due not only to cell-autonomous differences but also to the particularities of the circuits and the cellular environment. In any case, the increased frequency of mEPSCs [miniature EPSCs (excitatory postsynaptic currents)], the larger size of evoked EPSCs and the decreased EPSCs paired-pulse ratio at some stimulation frequencies could originate from unknown presynaptic alterations that favour neurotransmitter release in cortical neurons [26] . Although in the opposite direction, the decrease in IPSCs (inhibitory postsynaptic currents) size could also originate from a presynaptic deficit [26] . Thus, presynaptic function in HD mouse models should be further investigated to elucidate molecular mechanisms. In that context, synapses that are less sensitive to neurodegeneration by expanded-htt are probably useful models to isolate presynaptic phenotypes from other multifactor and more complex phenotypes.
Synaptic proteins in HD
Several synaptic proteins have been reported to be altered in HD [18] . For example, rabphilin3A levels are specifically reduced in the brains of R6/1 mice [29] and HD patients [30] . Rabphilin3A interacts with SNAP-25 (25 kDa synaptosome-associated protein) to regulate exocytosis of synaptic vesicles after the readily releasable pool has been exhausted, and its deletion accelerates recovery of depressed synaptic responses [31] . Thus, the link between changes in rabphilin3A levels in HD models and phenotypes related to enhanced exocytosis deserves to be investigated. On the other hand, the expression of the synaptic vesicle protein SCAMP5 (secretory carrier membrane protein 5) [32] is increased in the striatum of HD patients [33] . Expanded-htt induces ER (endoplasmic reticulum) stress that increases SCAMP5 levels in cultured striatal neurons [33] . SCAMP5 overexpression might impair the removal process of htt-aggregates by inhibiting endocytosis [33] . However, it remains unknown whether SCAMP5 overexpression leads to presynaptic alterations in HD mouse models. Synaptic alterations in HD might also occur through interferences of mutant htt with HIP (htt-interacting protein) 1 and HIP14. HIP1 is involved in clathrin-dependent endocytosis of AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid)-type glutamate receptors [34] . Knockout mice lacking HIP1 suffer from neurological deficits [34] and present presynaptic dysfunction at hippocampal synapses: delayed recovery from synaptic depression and a reduction in paired pulse facilitation that could be related to altered synaptic vesicle endocytosis [35] . Nematodes lacking the HIP1 homologue hipr-1 also displayed a typical presynaptic phenotype: resistance to the acetylcholinesterase inhibitor aldicarb. In addition, the synaptic vesicle protein synaptobrevin significantly accumulated at the nerve terminals of hipr-1 mutant nematode worms, similar to what it happens in nematode worms with mutations in endocytic proteins such as AP180 (clathrin coat-assembly protein 180) and endophilinA [36] . Interestingly, behavioral deficits in nematode worms expressing 128Q-htt become aggravated upon genetic removal of hipr-1 or other endocytic proteins [37] . Thus hipr-1 might have a role in presynaptic alterations in HD. HIP14 is a palmitoyltransferase involved in the palmytoylation and trafficking of multiple neuronal proteins, such as htt, SNAP-25, PSD-25 (postsynaptic density 25), GAD65 (glutamic acid decarboxylase 65) and synaptotagmin1 [38] . In Drosophila, HIP14 is a presynaptic protein required for synaptic transmission and for the proper targeting and expression of two palmitoylated proteins: SNAP-25 and CSP [39, 40] . Drosophila mutants lacking HIP14 are a phenocopy of mutants deficient in CSP or SNAP-25 [39, 40] . Interestingly knockout mice lacking CSPα that suffer from presynaptic degeneration [25] present lower protein levels of SNAP-25 [41] . It would therefore be interesting to explore the relationships between expanded-htt and the palmitoylation of SNAP-25 and CSPα to understand further details of presynaptic degeneration in HD. Deficits in synaptic and axonal function leading to dying-back neurodegeneration in HD could also be induced by blocking FAT (fast axonal transport). Morfini et al. [13] have recently shown that expanded-htt increased activation of the neuronal specific kinase JNK3 (c-Jun N-terminal kinase 3). Interestingly, JNK3 phosphorylates kinesin-1-motor domain. This modification reduces kinesin-1 binding to microtubules and provide a molecular basis for expanded-htt-mediated inhibition of FAT [13] .
Ubiquitin-proteasome system in HD
Which other mechanisms might be altering synaptic proteins levels in HD? The UPS controls the proteolysis of multiple cytosolic proteins and the destruction of misfolded proteins [42] . PolyQ-aggregates have been proposed to interfere with UPS function by sequestration of essential components of the UPS into inclusions or by obstruction of the proteasome [10, 43] . Indeed, several studies support that the N-terminal fragment of expanded-htt impairs UPS function in vitro and in cellular models [44, 45] . A recent study reporting a significant increase in the levels of various types of polyubiquitin conjugates in HD post-mortem brain and in R6/2 mice, suggested a global UPS impairment in HD [46] . On the other hand, two recent studies [47, 48] have investigated UPS function in vivo in R6/2 and R6/1 mouse models using transgenic UPS reporter mice. UPS reporter mice express a GFP with an UFD (ubiquitin fusion degradation) or a constitutive-degradation signal (CL-1) that constitutively leads to ubiquitin-dependent proteasomal degradation. Interestingly, both studies showed no accumulation of ubiquitin-proteasome reporters in HD mouse models: a clear indication of a largely operative UPS. Therefore, the increase in ubiquitin conjugates in R6/2 mice can be primarily attributed to an accumulation of large ubiquitin conjugates that are different from the conjugates observed upon UPS inhibition [48] . In any case, another study postulates that UPS function is specifically impaired at the synapse. Wang et al. [49] fused the postsynaptic protein PSD-95 (postsynaptic density 95) and the presynaptic protein SNAP-25 to the fluorescent GFPu reporter (GFP tagged with the CL-1 signal). Using adenoviral vectors, they detected a significant decrease in synaptic UPS in vitro and in vivo because the GFPu-tagged versions of SNAP-25 and PSD-95 did not undergo degradation [49] . This study suggests that, although the UPS activity is generally well preserved [47, 48] , it might still be impaired in specific locations at the pre-and post-synaptic terminals [49] . Alterations of UPS activity at the synapse increase the size of the recycling vesicle pool in cultured hippocampal neurons [50] . Perhaps similar UPS alterations could alter neurotransmitter release in HD models [20, 26] .
HD is a complex and multifaceted pathology. Unravelling the molecular basis of synaptic alterations is a challenging but, undoubtedly, mandatory step towards understanding and treating HD. Detailed investigation of synaptic mechanisms in different synaptic types in HD animal models will continue being a fruitful approach to defining pathological roles of expanded-htt at the nerve terminals. 
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